Measuring many-body effects in carbon nanotubes 
with a scanning tunneling microscope 
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Electron-electron interactions and excitons in carbon nanotubes are locally measured by combin- 
ing Scanning tunneling spectroscopy and optical absorption in bundles of nanotubes. The largest 
gap deduced from measurements at the top of the bundle is found to be related to the intrinsic 
quasi-particle gap. From the difference with optical transitions, we deduced exciton binding ener- 
gies of 0.4 eV for the gap and 0.7 eV for the second Van Hove singularity. This provides the first 
experimental evidence of substrate-induced gap renormalization on SWNTs. 

PACS numbers: 78.67.Ch,73.22.-f,71.35.Cc,68.37.Ef 
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The electronic properties of single- walled carbon nan- 
otubes (SWNT) have attracted wide interest since their 
discovery. The tunability from metallic to semiconduct- 
ing character through a structural control makes them 
promising candidates for the development of molecular 
electronics. It is therefore crucial to understand and con- 
trol their electronic properties down to the atomic scale. 
Scanning tunneling microscopy (STM) and spectroscopy 
(STS) are powerful tools for the local investigation of ID 
band structure of SWNTs and of its link to the atomic 
structure [H, [3, [H. STS experiments have been suc- 
cessfully interpreted within a simple tight-binding zone- 
folding scheme which shows a density of states domi- 
nated by a series of Van-Hove singularities [1, [Hj. The 
energy separation between the first two singularities on 
each side of the Fermi level is denoted Ef^ for semicon- 
ducting tubes and E^ for metallic tubes. The simplest 
tight-binding model gives a relation between the elec- 
tronic gap Ef^ and the tube diameter ^^f^^ = 2^Qac-c/d 
where ac-c is the carbon-carbon distance (1.42 A) and 70 
is the hopping integral between first neighbours, ranging 
from 2.5 [6] to 2.9 eV [7]. Although the tight-binding 
model captures the main features of the electronic struc- 
ture of nanotubes [8], many-body effects play a role in 
ID systems and significantly modify the energy of the 
electronic transitions. Two main contributions should 
be taken into account: self-energy effects which modify 
the single-particle excitation spectrum and, in the case 
of optical transitions, excitonic electron-hole interactions 

The major role of excitons in the optical transition of 
nanotubes has been demonstrated by using two-photon 
absorption experiments [l^, [lH, After this finding, 
the interpretation of subband transitions measured in op- 
tical experiments has been revisited. Although a param- 
eterized tight-binding model could explain the so-called 
Kataura plot, it turned out that a complete description 



should include many-body effects. Theoretical discus- 
sions show that self-energy and excitonic effects tend to 
cancel each other, both effects being of the same order of 
magnitude, in the range of 0.5 to 1 eV. The overall result 
is a weak blue shift effect lo|, ISl, 'v\ . 



In the same way, scanning tunneling microscopy results 
on SWNTs must be revisited to some extend. STM ex- 
periments are not expected to be sensitive to the electron- 
hole interaction and one expects the gap measured by 
STM to be larger than the optical one, the difference 
corresponding to the exciton binding energy. However, to 
perform STS measurements, the tubes are usually placed 
on a metallic substrate. Charge transfer between the 
metallic substrate and the tube shifts the Fermi level of 
the tube [l8|, [19]. In the case of molecules, the renormal- 
ization of the electronic gap by substrate-induced charg- 
ing effects in STS measurements has been studied both 
theoretically and experimentally [20, |2l|, |22| and a sim- 
ilar effect is expected for SWNTs jl6| although detailed 
experimental data are still lacking. 

In this Letter, we provide experimental evidence of this 
substrate-induced gap renormalization on SWNTs. STS 
measurements show a systematic variation of the band 
gap measured on semi-conducting tubes, depending on 
whether the tube is on the top of a bundle or in di- 
rect contact with the metallic substrate. A single-particle 
model for Ef-^ is not sufficient to account for the exper- 
imental data. On the other hand a quasi-particle model 
combined with an analysis of substrate-induced screen- 
ing effects allows us to propose a consistent interpretation 
of our experiments. The unscreened gap deduced from 
STS measurements is later compared with the optical 
absorption spectrum providing us with a unique tool for 
determining the exciton binding energies. 

STM/STS measurements were performed using a low 
temperature (5K) STM operating under UHV conditions 
(10~^^ mbar). The nanotubes were synthesized by arc 
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discharge technique and deposited from a dispersion in 
alcohol after sonication onto a single-crystalline Au (111) 
surface previously cleaned in UHV by repeated cycles 
of ion argon sputtering and annealing at 800 K. The 
samples were dried in air and introduced into the UHV 
system. Although the preparation was aimed to avoid 
bundling of nanotubes, bundles are still observed after 
the deposition. All measurements were performed with 
tungsten tips. Optical absorption spectra were recorded 
with a spectrophotometer (lambda 900 Perkin-Elmer) on 
the same solution deposited onto a glass substrate. 

The electronic gap of a nanotube is principally deter- 
mined by its diameter. It is therefore crucial to have 
a precise knowledge of the diameter distribution of the 
nanotubes. Although STM allows us to attain atomic 
resolution, tip profile effects lead to a poor estimation of 
the tube diameters. To overcome that problem, we com- 
bined the STM investigation with transmission electron 
microscopy (TEM) analysis which, in contrast, can pro- 
vide more accurate values of these diameters. Using a 
gaussian fit we obtain a statistical distribution centered 
at 1.4 nm with a FWHM of 0.2 nm. This distribution 
has been projected onto the Kataura plots (see Fig. 1) 
to deduce the induced gap distributions. 

FigH] displays first the plot deduced from the sim- 
plest linearized tight-binding model (lower curve), = 
2joac-c/d. Using 70 = 2.9 eV, this plot predicts a 
gap distribution centred at 0.59 eV (see Fig. [Tj). The 
second plot is deduced from two-photon experiments 
[3] where the single-quasiparticle gap is expressed by 
Ef^ = 0.34/d+ l.ll/((i-h 0.11) (upper curve in Fig.[l]). 
We now obtain a gap distribution centered at 0.98 eV. 
The difference between the two curves corresponds to the 
many-body self-energy contributions. The upper curve 
will be referred as "many-body" gap, even if it should be 
kept in mind that excitonic effects are not included [l3 |. 

Because of the narrowness of the diameter distribu- 
tion, the simple tight-binding and the many-body gap 
distributions do no overlap. It is then crucial to under- 
stand which one corresponds to the value measured in 
a STM experiment. We argue hereafter that, to some 
extend, and depending on the tube-substrate separation, 
both are measured. After deposition on the Au(lll) sub- 
strate, most nanotubes arrange into bundles. The differ- 
ential conductance image at 12 mV (see Fig.[2fa)) shows 
the distribution of the local density of state around the 
Fermi level and allows us to separate clearly the metallic 
(bright) and semi-conducting tubes (black) in the image. 
Fig. [SJb) shows typical dl/dV spectra measured on the 
substrate and on the tubes. On the gold substrate, the 
differential conductance has a constant non-zero value as 
expected (black dashed curve). On the nanotubes, spec- 
tra are dominated by Van- Hove singularities. On the 
metallic tube, the conductance between the two first sin- 
gularities is close to that of the substrate, except for a 
dip around the Fermi level (dotted curve). This pseudo- 




FIG. 1: (Color online) Statistic distribution of nanotubes 
diameter measured on TEM images of 50 SWNTs (Philips 
CM20, 200 kV). The inset presents an example of a TEM im- 
age. The lower and upper curves are the Efi gap using the 
sing le-particle tight-binding model or the many body values 
[ij, respectively. The corresponding gap distributions are 
shown on the vertical axis. 



gap was observed for all the metallic tubes investigated. 
It is known to be due to curvature effects or intertube 
interactions and has already been observed |23i] . 

Two spectra of semi-conducting tubes showing the first 
two Van-Hove singularities are presented in Fig. [2l^b). 
The peak positions are not symmetric with respect to 
the Fermi level, which is due to tube-substrate charge 
transfer [H, d, The energy subband separations ^f^^ 
are measured at the point of maximum slope in the peak. 
The values when the tube directly contacts the substrate 
(tube 1) or is at the top of the bundle (tube 2) are equal 
to 0.70 eV (green spectrum) and 0.91 eV (red spectrum) 
respectively (Fig. 2(b)). It is worth noticing that we 
did not measure similar variations of the Ef( transition 
for metallic tubes. As shown in FiglU the dispersion 
in the gap values of semiconductor tubes cannot be ac- 
counted for by the width of the diameter distribution 
within one or the other model. On the other hand the gap 
of the tube contacting the metal compares well with the 
gap given by the single-particle model, while the gap of 
the tube separated from the substrate by the bundle lies 
within the distribution estimated by the "many-body" 
Kataura plot. The transition between these two situa- 
tions can be understood considering the potential image 
effect which decreases when the tube-sample distance in- 
creases. Within this model the ^f^^ transition of a nan- 
otube adsorbed on a metal corresponds to the gap of the 
free nanotube ( including electron-electron interactions) 
reduced by the screening energy due to the image charge 
in the metal C^e^ /2D^ where D is the tube-substrate dis- 
tance and (7o=l/47r£o [13, [22[. It is therefore expected 
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FIG. 3: (Color online) Gap as a function of the apparent 
height (ha) of the tubes. The squares are the experimental 
data. The dotted lines are fits using image charge model. The 
solid lines are fits using effective parameters Ci and C2. The 
inset shows the E22/E11 ratio. The green and red squares 
correspond to the tubes 1 and 2 of Fig. [2l respectively. The 
error bars are estimated from the diameter dispersion pro- 
jected onto the tight-binding gap curve. 



FIG. 2: (Color online) STM/STS of a bundle of tubes on 
the metallic surface, a) 3D view of the topographic image 
(40x40 nm^) with a color scale corresponding to the differen- 
tial conductance image at 12 mV (black for low value, light 
gray (yellow online) for high value), b) dl/dV spectra taken 
at positions indicated in a). 



that a nanotube separated from the metallic substrate 
has a larger gap than a nanotube in contact. In our 
experiment the bundle plays the role of a spacer which 
offers the possibility to measure the gap of semiconduct- 
ing nanotubes at various tube-substrate separations. The 
largest gap measured at high height should then corre- 
spond to the genuine intrinsic quasi-particle gap of the 
nanotubes. To verify this hypothesis, we present in Fig. [3] 
the first and second subband energy separation as a func- 
tion of the apparent height (ha) with respect to the gold 
substrate of several nanotubes as determined from STM 
images at 1 V. We see that for both the first and second 
singularities, the energy separation {Ef^ and £'22 5 respec- 
tively) tends to increase with the apparent height. The 
image charge model {E = Eq — C^e^ / {2ha)) fits reason- 
ably well the experimental data (Fig. 3, dotted curves). 

This first approach however does not consider the effec- 
tive dielectric constant of the tube environment, neither 
the fact that the apparent height is not exactly equal to 
the tube-substrate distance. For these reasons we pro- 
vide empirical fits using E = Eq — Cie^ / (2ha)^ where 
Ci = O.52C0 for the E^ gap and E = Eq - C2e'^/{2ha) 
with C2 — 0.89Co for the £^22 separation (solid lines in 
Fig. [3]). Note that Ci 7^ C2 what is ascribed to many- 



body effects, as discussed later. When 00, Eq for the 
first and the second singularities tends to 1.1 eV and 2.0 
eV, respectively. From our analysis, these values should 
therefore be equal to the quasi-particle gaps. E^ = 1.1 
eV is close to the gap deduced by the many-body relation 
with d=1.4 nm (0.98 eV), and definitely larger than the 
tight-binding calculation (0.59 eV). 

We now compare STS data with optical absorption 
spectrum of the same nanotubes sample displayed in Fig. 
m It is clear that the optical transitions occur at lower 
energies than those obtained in STS on the top of bun- 
dles (Fig. [3|). The energy difference AE between the 
optical transitions and the tunneling gap in the limit of 
infinite ha is then a measure of the exciton binding en- 
ergies. We obtain AEl^=OA eV and A£;|2=0.7 eV. The 
E22 states have larger excitonic binding energy than Efi 
states, which is consistent with theoretical calculations 



171 , l24j . The AEf^ value obtained here is close to the 



binding energy determined in previous optical measure- 
ments where a law AEf-^ 0.34/(i has been derived [l3|. 
Therefore combining STS with optical spectroscopy we 
can estimate the exciton binding energy of carbon nan- 
otubes. 

Finally, we discuss the E22/E11 ratio measurement. 
This ratio is generally found experimentally smaller than 
2 (about 1.8), the value provided by the simple linearized 
tight-binding model: this is the "ratio problem" [10|]. It 
is now clear that the main explanation for this devia- 
tion is the effect of electron-electron interactions [lo|, EH , 
even if the relative contributions of self-energy and exci- 
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FIG. 4: (Color online) Optical absorption of SWNTs. ^fi, 
E22 and Eff are equal to 0.72,1.26, and 1.79 eV respectively. 
The E22/E11 ratio is equal to 1.75. 

tonic effects are not precisely known. Calculations show 
also fairly large fluctuations of this ratio as a function 
of the chirality. In our STS experiments, sensitive to 
self-energy effects only, a £22/^^^ ratio close to 2 corre- 
sponds well to the left hand part of the curve in the inset 
of FiglSl where the self-energy is largely compensated by 
the screening effect due to the image potential. As the 
tube- substrate distance increases, self-energy effects in- 
crease and the E22/E11 ratio decreases gradually down 
to 1.85. Previous experimental data reported by Venema 
et al. 0] give a ratio close to 2 , but their tubes lie on 
the metal, and according to our analysis, they correspond 
to a situation where self-energy effects are screened out. 
Considering now our optical absorption measurements, a 
lower E22/E11 ratio about 1.75 is found. Our data indi- 
cate then that the gap ratio decreases when the screening 
of electron-electron interactions decreases. 

To summarize, we used STS measurements to compare 
local spectroscopy of carbon nanotubes lying on a metal- 
lic substrate with the spectroscopy of nanotubes on top 
of bundles. We showed that the gap of a semiconducting 
tube increases when it is separated from the metal by a 
bundle, the gap variation being of the order of what is 
expected within an image charge model where self-energy 
effects are screened. The experimental conditions allowed 
us to observe a continuous transition from the almost to- 
tally screened case, to an almost intrinsic gap. By com- 
bining these data with optical absorption measurement, 
the exciton binding energies could then be estimated. In 
the case of 1.4 nm diameter nanotubes a mean value of 
0.4 eV and 0.7 eV was found, for excitons corresponding 
to the Ell E22 gaps. We believe that these measure- 
ments will open promising ways of determining locally 
the exciton binding energy of carbon nanotubes. 
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